Burst oscillations, a phenomenon observed in a significant fraction of Type I (thermonuclear) X-ray bursts, involve the development of highly asymmetric brightness patches in the burning surface layers of accreting neutron stars.
where here n is the number of harmonics (most commonly taken to be 1), k = 1, 2, ...n is the index used to sum over harmonics, Nγ is the total number of photons, and j is an index applied to each photon. The phase φj for each photon is defined as φj = 2π
where ν(t) is the frequency under consideration and tj is the arrival time of each photon relative to some reference time t0. Frequency ν(t) is most commonly taken to be constant (so that it can be taken outside the integral) but on occasion may be a function of time, for example if one wants to correct for smearing due to orbital Doppler shifts as the neutron star orbits the center of mass of the binary. In the absence of a deterministic (e.g. periodic) signal, Z 2 n is distributed as χ 2 with 2n d.o.f.. An advantage of Z 2 n is that it offers an efficient way of summing harmonics.
When searching for drifting, or quasi-periodic signals, it is common to average powers from neighbouring frequency bins. In searches for weak signals one can also stack, or take an average of, power spectra from many independent data segments (time windows) or bursts. This affects the number of degrees of freedom in the theoretical χ 2 distibution of noise powers, but the modified theoretical distribution is known (see van der Klis 1989 for more details).
To assess whether a periodic signal is indeed present, we first take the power spectrum and identify the frequency bins with the highest powers. One then computes the probability of obtaining such high powers through Poisson noise alone, using the properties of the χ 2 distribution with the appropriate number of degrees of freedom. One must then take into account the number of trials that have been made -the more trials, the more likely one is to obtain a high power via statistical fluctuations alone. The number of trials is the product of the number of independent frequency bins, time windows, energy bands, bursts and (if appropriate) sources searched. Assessing the number of trials properly is complicated by the fact that many burst oscillation searches use overlapping time bins or oversampled frequency bins to maximise candidate signal power. Failure to account properly for this can result in the significance of a candidate signal being overestimated (or underestimated, if overlapping bins are treated as being independent). Energy-dependent phase lags, which are of use when testing models, are computed by comparing pulse profiles constructed from photons in different energy bands. The degree to which the folded pulse profiles are offset is the phase lag. This type of analysis can also be used to compare the phases of burst oscillations to accretion-powered pulsations, for sources that show both phenomena. Care must be taken when doing this to correct for any contamination due to the continued presence of accretion-powered pulsations during the burst. However the magnitude of the correction is simple to estimate (see Watts, Patruno & van der Klis 2008).
Finally, one can analyse the dependence of the burst oscillation characteristics on the properties of the bursts and the accretion state of the star. Burst properties may include the total integrated flux (fluence), peak flux, the presence or absence of photospheric radius expansion, duration, and rise and decay timescales. In terms of accretion state, one Thermonuclear burst oscillations 7 Figure 2 Light curves (grey) and dynamical power spectra (black) showing burst oscillations for bursts from several sources: two persistent accretion-powered pulsars (SAX J1808.4-3658 and XTE J1814-338), two intermittent pulsars (HETE J1900.1-2455 and Aql X-1) and two non-pulsars (4U 1636-536 and 4U 1728-34), using data from RXTE.
The dynamical power spectra use overlapping 2 s windows, with new windows starting at 0.25 s intervals. We use a Nyquist frequency of 2048 Hz and an interbin response function to reduce artificial drops in amplitude as the frequency drifts between Fourier bins. The contours show Leahy normalized powers of 10-100, increasing in steps of 10. The dashed lines on the pulsar plots indicate the spin frequency determined from accretion-powered pulsations.
can consider the overall accretion rate (which can be estimated in various ways) and, for the pulsars, compare the properties of the burst oscillations to those of the accretion-powered pulsations. Note that burst type also depends strongly on accretion rate, so these two factors are not unrelated.
Observational properties

Overview of burst oscillation sources
Secure detections of burst oscillations have now been made in 17 sources (Table 1) , including 5 persistent accretion-powered pulsars and 2 intermittent accretion-powered pulsars.
Note that all are transient accretors, and the use of the term persistent to describe the presence of accretion-powered pulsations through accretion episodes -as used here -should not be confused with its use to describe sources that are persistently, as opposed to transiently, accreting. All of the burst oscillation sources are in Low Mass X-ray Galloway et al. 2010b . Ideally, for a detection to be secure, the same frequency should have been seen in multiple bursts from the same source. For one of the sources in Table 1 this is not the case. In this case the high statistical significance of the detection is based upon the fact that the same frequency was seen in multiple independent time bins within a single burst, very close to the spin frequency observed from accretion-powered pulsations. Table 2 gives details of several other sources for which burst oscillation detections have been claimed. Some of the detections are very marginal (below the standard 3σ threshold), and most rely on a power in a single independent time bin in a single burst. Also given in the table is a summary of the analysis procedure used to estimate the significance of the claimed detection. Comparing these procedures to the ideal outlined in Section 2.1, the significance of some of these results has probably been over-estimated. As such, they should be considered tentative until confirmed in a second burst.
Conditions in which burst oscillations are detected
For four of the five persistent pulsars, burst oscillations occur more often in the soft state, the low frequency sources are more likely to have oscillations in bursts without PRE, while high frequency sources are more likely to have oscillations in bursts with PRE. The distinction is however not absolute and the relationship between these various factors is clearly complex. For a more in-depth discussion of the apparent link between burst type and rotation rate, see Galloway et al. (2008) .
Given that burst oscillations (for sources that are not persistent pulsars) seem to occur preferentially in certain accretion states, one can ask whether the non-detection of burst oscillations in other sources is at all surprising. Note. -The table gives the significance quoted by the authors for the candidate detection, and explains the methods used to derive this significance.
As explained in Section 2.1, estimates derived using χ 2 with 2 d.o.f. rather than Monte Carlo simulations tend to overestimate significance. The procedure for estimating number of trials varies from paper to paper: ideally, proper allowance should be made for the number of bursts, energy bands, frequency bins and time windows searched. The SAX J1748.9-2021 result is particularly informative in terms of illustrating the importance of using the correct number of trials. Whether to give equal weight in terms of numbers of trials to every burst searched remains a matter of debate.
The number of RXTE proportional counter units active during observations varies (with more photons maximising detection chances), and in addition burst oscillations tend to occur preferentially in certain accretion states (Section 2.3.2).
state. Table 3 summarizes the status for prolific bursters in their data set, for which burst oscillations have not been found. The sample includes one intermittent pulsar, SAX J1748.9-2021. For most of these sources the range of accretion states that were observed was not sufficient to enable full characterization of the color-color diagram.
This means that the position variable Sz could not be calculated for these sources, and so it is difficult to judge whether the non-detection of burst oscillations is unexpected. For the two sources that do have a fully-characterized color-color diagram (4U 1705-44 and 4U 1746-37), however, there are bursts with Sz > 1. 75 . Given that 57% of the bursts with Sz > 1.75 studied by Galloway et al. (2008) showed burst oscillations, it is perhaps rather surprising
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1746-37, has very unusual bursting behaviour in all respects). A more rigorous analysis of whether the non-detection of oscillations in the other bursters can be attributed to their being observed in harder accretion states would be desirable.
In terms of when burst oscillations occur during bursts, Galloway et al. (2008) show that although they can be observed at any point during the burst (rise, peak or tail), they are most commonly detected in the tails of bursts.
Oscillation trains tend to be interrupted during the peaks of bursts, particularly (although by no means exclusively) 
Frequencies
The detection of burst oscillations in several persistent and intermittent accretion-powered pulsars, sources for which the spin frequency is known, has proven conclusively that burst oscillation frequency is very close to the known spin frequency. How close, however, depends on the source. Table 4 summarizes the situation for the various persistent and intermittent accretion-powered pulsars with burst oscillations. In some cases the frequencies agree to within 10 −8 Hz, while for others they are separated by a few Hz.
Most burst oscillation sources exhibit frequency drift, with the frequency rising by a few Hz over the course of a burst. Although we do not have sufficient counts to resolve individual cycles, the drift can be modelled and the resulting signals can be highly coherent, with values of Q as high as 4000 (Strohmayer & Markwardt 1999). The 
There is a tentative detection of a burst oscillation frequency for this source, see Table 2 . most comprehensive study of frequency evolution in burst oscillation trains to date is that carried out by Muno et al.
(2002). In most cases the frequency drifts upwards during the burst, by 1-3 Hz, to reach an asymptotic maximum (although the signal cannot always be tracked through the peak of the burst since the amplitude sometimes drops below the detectability threshold). For the two intermittent pulsars, the asympototic maximum is 0.5-1 Hz below the spin frequency (the drifts for the regular pulsars are more unusual, see Table 4 ). The asymptotic maximum for a given source appears to be very stable, with the fractional dispersion in asymptotic frequencies, measured using bursts separated by several years, being < 10 −3 . Although orbital motion might account for some of the dispersion, it cannot account for all of the observed variation. In terms of coherence, the majority of the oscillation trains studied evolved smoothly in frequency, and hence appeared to be highly coherent. However in about 30% of cases, evolution 3.6 Hz in a burst from 4U 1916-053. In both cases, however, the burst oscillation signal drops below the detection threshold in the middle of the burst. Since frequency cannot be tracked continuously throughout the burst, it is not clear whether we are really seeing a single signal drifting, or artificially connecting separate signals or perhaps even noise peaks (since with many bursts a few outliers due to noise would not be unexpected). A rigorous analysis of the entire sample of burst oscillation observations, to determine limits on the size of the drifts that are compatible with the overall data set, has yet to be carried out.
In the one case where oscillations were observed in a superburst, the frequency drift was much smaller (0.04 Hz over 800 s), and entirely consistent with the expected Doppler shifts due to orbital motion (Strohmayer & Markwardt 2002). The superburst oscillation frequency inferred from this measurement was ≈ 0.4 Hz higher than any of the aysmptotic frequencies measured during regular Type I X-ray bursts from this source (see also Giles et al. 2002) . If this source shows the same behaviour as that seen in the intermittent pulsars (Table 4) it is likely that the superburst oscillation frequency is closer to the true spin frequency of the star than the frequency of the normal burst oscillations.
Amplitudes
The average amplitudes of burst oscillations (computed over the whole burst) are highly For the persistent accretion-powered pulsars, one can also investigate phase lags between the burst oscillation pulse profile and the accretion-powered pulse profile. For XTE J1814-338, which has no detectable frequency drifts in its burst oscillations (for all but the final burst, which occurs at much lower accretion rates and has quite different properties), the two sets of pulsations are completely phase-locked, with constant phase offset (Strohmayer et al. 3 Burst oscillation theories
Relevant physics
Burst oscillations are associated with the surface layers of the neutron star. As such there are several key pieces of physics that must be considered when developing models for the phenomenon. Before discussing specific models, it is worthwhile reviewing these factors. Some of these intrinsic properties remain unchanged during an X-ray burst, whilst others may evolve. Figure 3 shows the stratified composition of the surface layers of a neutron star, with ignition depths for different burst types marked. When modelling how a burst develops, one needs to take into account the coupling between the various burning and non-burning ocean layers, the solid crust, and the photosphere. H ignition depth ρ~10 5 g/cm 3 He ignition depth ρ~10 6 g/cm 3 C ignition depth ρ~10 8 g/cm 3 Crust ρ~10 9 g/cm 3 
Structure of the neutron star
Heat generation and transport
Nuclear burning is unstable when the heat released by a themonuclear reaction causes an increase in reaction rate that cannot be compensated for by cooling, resulting in a thermonuclear runaway. Several such reactions are involved in X-ray bursts. Hydrogen can burn unstably via the cold CNO cycle: 
Rotation and flows
If burst oscillation frequency is a good measure of spin frequency (as it appears to be, see Section 2.3.3), then most burst oscillation sources rotate rapidly. Is the rotation sufficient, however, to affect the evolution of the burst? The importance of rotation in burst dynamics can be estimated by calculating the Rossby number Ro. This is the ratio of inertial to Coriolis force terms in the Navier-Stokes equations, the hydrodynamical equations governing the motions of the fluid layers where the burst takes place (see for example Pedlosky 1987).
where U is the velocity of the motion, L a characteristic length, and f = 4πνs cos θ the Coriolis parameter (νs being the spin frequency of the star, and θ the co-latitude). Rotation starts to have important dynamical effects once Ro 1 and the Coriolis force becomes the dominant force. This means that rotational effects must be taken into consideration once lengthscales exceed U/f . As rotation rate increases, the effects are felt on shorter lengthscales.
We can now estimate whether rotation is likely to affect burst oscillation mechanisms, given that oscillations have been found in stars that rotate in the range 11-620 Hz (Table 1) 
Clearly most of the burst oscillation sources are in the regime where this will be relevant.
Rapid rotation will also affect oscillation modes (global wave patterns) that might develop in the ocean and atmosphere, excited by the thermonuclear burst. As above, simple estimates can be used to determine whether rotation will have an effect. Shallow water gravity waves (driven by buoyancy), for example, have a timescale τ = 1/N , where N = g/H is the Brunt-Väisälä frequency (see for example Pringle & King 2007). The characteristic speed of such waves is U = H/τ = √ gH. This means that modes with a wavelength λ comparable to or larger than √ gH/f will be sensitive to the effects of rotation. Large-scale global modes (those with the largest wavelengths, λ ∼ R) are therefore likely to be affected by rotation for most of the burst oscillation sources (compare to Equation 7).
Rotation can also affect ignition conditions. Rotation lowers the effective gravity g eff at the equator as compared to the poles, with the difference being given by
where Ω k is the Keplerian angular velocity at the surface of the neutron star. The reduced gravity leads to a higher rate of fuel accumulation at the equator: because of this ignition is likely to occur preferentially at equatorial latitudes 
Over the course of the burst, the hot layer could in principle achieve multiple wraps of the underlying star. Zonal flows 
Spin axis
Burning spreads from ignition location Model 1: flame spread halts
Model 2: Large-scale waves excited Figure 4 Simplified schematic of current burst oscillation models. Burst oscillations require the presence of a brightness asymmetry that can be modulated by the star's rotation so that the observer sees pulsations at close to the spin frequency. Ignition is expected to start at a point, with a flame front then spreading across the star (left panel, red = hot, blue = cold). This is known as a spreading hotspot. What happens then is unclear. One possibility is that the flame front stalls, so that only part of the ocean burns, leaving a hotspot that persists in the tail of the burst (top right). The other possibility is that the flame front spreads around the star and excites large scale waves (global modes) in the ocean (bottom right). The peaks and troughs of the waves will differ in temperature so that the wave pattern gives rise to a brightness asymmetry.
equalize the thermal state of the ocean to the required level, it is therefore assumed that ignition starts at a point and that a flame front then spreads across the stellar surface.
The presence of such a spreading hotspot would provide a simple explanation for the presence of burst oscillations in the rising phase of bursts. Results from a small sample of bursts appear to support this picture: in a few bursts that The first issue is that if point ignition and flame spread are occurring in all bursts, why do we not detect oscillations in the rising phase of all bursts? As discussed in Section 2.3.2, oscillations are actually more common in the tails rather than the rising phase of bursts. One possibility is that this is a detection bias: it can be difficult to make detections in the rising phase of bursts given their short duration. Something that has yet to be done is a comprehensive study to check whether the current data, including upper limits, are consistent with the spreading hotspot model.
One factor that will also affect detectability is the latitude at which ignition occurs. On a rapidly rotating star, ignition is expected near the equator for most accretion rates due to the lower effective gravity, which makes it easier If the flame spreads across the whole star during the rising phase, the spreading hotspot will dissipate. The fact that different regions of the star ignite at different times will leave some residual temperature asymmetry in the tail. However the magnitude of the predicted difference is too low to explain the amplitudes of the burst oscillations observed in burst tails (Cumming & Bildsten 2000) . Some additional mechanism, or modification to the model, is still required. One possibility is the excitation of large-scale waves (Section 3.2.2). The other is that a hotspot survives because the burning front does not spread across the whole star.
One way in which this might occur is if fuel is confined, with the prime candidate for a confinement mechanism being the star's magnetic field. Matter channeled onto the magnetic polar caps of the star will be prevented from crossing field lines (and hence flowing across the star) until the overpressure is sufficiently large to deform the field lines. Estimates by Brown & Bildsten (1998) show that for matter to remain confined in the ignition depth for effort is now underway to address and resolve some of the outstanding issues that may introduce degeneracies into fits for mass and radius, such as the effect of changes in the surface emission pattern over the course of a burst.
Neutron star spin
The evidence outlined in Section 2. spin rate has a very negative impact on gravitational wave detection threshold, since increasing the parameter space increases the numbers of trials (reducing detection sensitivity, see Section 2.1) and increases the computational power needed to perform any search. Improving burst oscillation models so that we can make a more accurate diagnosis of spin rate would be of great benefit.
Conclusions
Burst oscillations are an intriguing part of the phenomenology of thermonuclear bursts on neutron stars, with wider uses in terms of measuring stellar spin and potentially constraining the dense matter equation of state. One of the legacies of the Rossi X-ray Timing Explorer has been a rich database of burst oscillation observations, giving us a clear understanding of their general properties and the conditions under which they develop. A satisfactory theoretical explanation of why and under what conditions burst oscillations develop, however, is still lacking. Burst evolution models that take full account of both the structure of the neutron star ocean and envelope, and the dynamical effects of magnetic fields, are needed to explore the mechanics of flame spread and the excitation of global oceanic modes. Such theoretical development is essential if we are take full advantage of the opportunities offered by the next generation of X-ray timing telescopes.
